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ABSTRACT

The many interactions of tRNA with the ribosome are fundamental to protein synthesis. During the peptidyl trans-
ferase reaction, the acceptor ends of the aminoacyl and peptidyl tRNAs must be in close proximity to allow peptide
bond formation, and their respective anticodons must base pair simultaneously with adjacent trinucleotide codons on
the mRNA. The two tRNASs in this state can be arranged in two nonequivalent general configurations called the R and
S orientations, many versions of which have been proposed for the geometry of tRNAs in the ribosome. Here, we
report the combined use of computational analysis and tethered hydroxyl-radical probing to constrain their arrange-
ment. We used Fe(ll) tethered to the 5 ' end of anticodon stem-loop analogs (ASLs) of tRNA and to the 5
deacylated tRNA Phe to generate hydroxyl radicals that probe proximal positions in the backbone of adjacent tRNAs in
the 70S ribosome. We inferred probe-target distances from the resulting RNA strand cleavage intensities and used
these to calculate the mutual arrangement of A-site and P-site tRNAs in the ribosome, using three different structure

" end of

estimation algorithms. The two tRNAs are constrained to the S configuration with an angle of about 45
respective planes of the molecules. The terminal phosphates of 3

° between the
'CCA are separated by 23 A when using the tRNA

crystal conformations, and the anticodon arms of the two tRNAs are sufficiently close to interact with adjacent codons

in mMRNA.

Keywords: ASL; computational model; structural conformation; tRNA

INTRODUCTION

Transfer RNAs (tRNAs) are the substrates used by
ribosomes for synthesizing proteins. To understand the
mechanism of translation at the molecular level, it is
essential to understand how tRNAs interact with the
ribosome (Rheinberger et al., 1981; Grajevskaja et al.,
1982; Kirillov et al., 1983; Lill et al., 1984). The anti-
codon arm of P-site tRNA interacts with mRNA in the
vicinity of the cleft formed by the platform and the head
of the 30S subunit (Lake, 1980; Gornicki et al., 1984).
The acceptor arms of A-site and P-site tRNAs interact
with the peptidyl transferase center, which lies close to
the base of the central protuberance of the 50S subunit
(Ofengand, 1980; Olson et al., 1982; Wower et al., 1989).
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During peptide bond formation, the CCA-3’ termini of
A-site and P-site tRNAs must be proximal to allow pep-
tidyl transfer, while their anticodons interact with adja-
cent codons on MRNA (Fairclough & Cantor, 1979a;
Matzke et al., 1980).

Several models have been proposed for the arrange-
ment of A-site and P-site tRNAs in the ribosome based
on stereochemical considerations (Fuller & Hodgson,
1967; Woese, 1970; Rich, 1974; Sundaralingam et al.,
1975; Lake, 1977; Spirin & Lim, 1986; McDonald &
Rein, 1987; Prabahakaran & Harvey, 1989; Nagano
et al., 1991; Easterwood et al., 1994), fluorescence
resonance energy transfer (FRET) (Johnson et al., 1982;
Paulsen et al., 1983), crosslinking studies (Ofengand,
1980, Ofengand et al., 1981, 1986; Wower et al., 1989,
1993; Lim et al., 1992; Brimacombe et al., 1993; Spirin
et al., 1993; Brimacombe, 1995; Mueller et al., 1997;
Nagano & Nagano, 1997), chemical footprinting (Stern
et al., 1988; Noller et al., 1990), cryoelectron micros-
copy (Agrawal et al., 1996; Stark et al., 1997a; Mal-
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hotra et al., 1998), and other methods (Spirin, 1983,
Smith & Yarus, 1989; Wagenknecht et al., 1989; Nier-
haus et al., 1998). Most of these models can be as-
signed to either the R (Rich, 1974) or S (Sundaralingam
etal., 1975) orientations. In the R orientation, the T loop
of A-site tRNA faces the D loop of P-site tRNA, whereas
in the S orientation, the D loop of A-site tRNA faces the
T loop of P-site tRNA (Lim et al., 1992). The choice
between these two orientations has important func-
tional implications. In this study, we used Fe(ll) teth-
ered to anticodon stem-loop analogs (ASLs) of tRNA or
to the 5’ end of full-length tRNA to probe directly the
arrangement of tRNAs in the 70S ribosome. We con-
structed two sets of defined complexes. First, we formed
ribosomal complexes having tRNAM[32P]pCp in the
P site and either Fe(ll)-ASLs or Fe(I1)-tRNAP"® in the A
site. The second set of complexes contained either
Fe(ll)-ASLs or Fe(Il)-tRNAP"® in the P site and deacyl-
ated tRNAYS[32P]pCp in the A site. Hydroxyl radical
formation was initiated and sites of cleavage in tRNA{V®!
[32P]pCp and tRNAYS[32P]pCp were identified by gel
electrophoresis. The hydroxyl radical cleavage data
were used to obtain distance constraints from which
the relative orientation of the two tRNAs was calcu-
lated. These distance constraints were derived from
calibration experiments reported previously (Joseph
et al., 1997), and assume that stronger cleavage pat-
terns (as measured by gel intensity) corresponded to
closer interactions. We evaluated the sensitivity of the
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resulting computed models to the distance calibrations,
and these interpretations are robust.

RESULTS

Our probing experiments are based on the observation
that Fe(ll) can be tethered to particular locations on a
molecule of interest (either protein or RNA), and can be
used to generate hydroxyl radicals in a location-specific
manner. The creation of hydroxyl radicals is initiated by
the Fenton reaction. The hydroxyl radicals diffuse from
the Fe(ll) and quickly attack riboses in the RNA back-
bones, and cause strand scission within the phospho-
diester backbone. These scissions can be detected with
gel electrophoresis of the resulting fragments. The ef-
ficiency of strand scission at a particular location is
related to the degree to which hydroxyl radicals diffuse
to that location and react. Calibration experiments have
shown that regions of the RNA backbone that are closer
to the tethered Fe(ll) are more frequently cut, and thus
lead to more prominent bands on gel electrophoresis
(Joseph et al., 1997).

Construction of defined complexes

Defined complexes were constructed by using ribo-
somes programmed with a 142-nt fragment of phage
T4 gene 32 mRNA (Fig. 1). First, to probe the arrange-
ment of P-site tRNA, we constructed complexes having
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FIGURE 1. Strategy for probing the arrangement of tRNAs. A: Binding of deacylated tRNAM®[32P]pCp to the AUG initiator
codon in the P-site and 5’-Fe(ll)-ASLs to the UUU codon in the A site using 70S ribosomes programmed with gene 32
mRNA. B: In the 5'-Fe(Il)-tRNAP"® experiment, binding is identical to complex A except that 5'-Fe(I1)-tRNAP" binds in the
Assite. C: Binding of 5’-Fe(ll)-ASLs to the UUU codon in the P site and deacylated tRNAYS[*2P]pCp to the AAA codon in the
A site using 70S ribosomes programmed with gene 32 mRNA. D: In the 5’-Fe(Il)-tRNAP"® experiment, binding is identical
to complex C except that 5'-Fe(ll)-tRNAP"® binds in the P site. SD: Shine-Dalgarno sequence.



222

a deacylated tRNAM®32P]pCp in the ribosomal P site
and either Fe(ll)-ASLs4-33 or Fe(ll)-tRNAP"® in the
A site (Figs. 1A and B). Alternatively, to probe the ar-
rangement of A-site tRNA, either Fe(ll)-ASLs4-33 or
Fe(Il)-tRNAP"® was bound to the ribosomal P site and
deacylated tRNAYS[*?P]pCp to the A site (Figs. 1C
and D). The ASLs are based on the yeast tRNAP"®
sequence, so they bind specifically to ribosomes pro-
grammed with the codon UUU. ASLs and tRNAs with
[32P]Cp ligated at the 3’ terminus do not bind to the
ribosomal E site (Lill et al., 1988).

Fe(ll)-ASL probing

We first probed tRNAM®[32P]pCp bound to the ribo-
somal P site (P/P state) with a series of Fe(ll)-ASLs4-33
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bound to the small subunit ribosomal A site. A distinct
pattern of cleavage in tRNAM®[32P]pCp is observed
that is dependent on ASL stem length (Fig. 2A) based
on our quantification of the cleavage intensities. Hy-
droxyl radical-mediated strand scission was detected
specifically at nucleotide residues 8-9, 25, 49-51, and
64—68 in tRNAMe[32P]pCp (Fig. 3A). These four re-
gions are located in the tRNA 5’ acceptor stem, D stem-
loop, T stem-loop, and 3’ acceptor stem, respectively.

Next, we probed complexes with Fe(ll)-ASLs4-33
bound to the ribosomal P site and tRNAYS[32P]pCp
bound to the ribosomal A site. Again, we observe a
distinct pattern of cleavage in tRNAYS[32P]pCp that is
dependent on ASL stem length (Fig. 2B). Strand scis-
sion was detected at nucleotide residues 13-16, 21—
24, and 39—41 in tRNAYS[32P]pCp; the first two sets of
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FIGURE 2. Strand scission of tRNAs by hydroxyl radicals generated from Fe(ll)-ASLs. A: Strand scission of P site bound
tRNAME32P]pCp with Fe(Il)-ASLs bound to the A site. B: Strand scission of A site bound tRNAYS[32P]pCp with Fe(ll)-ASLs
bound to the P site. T1: partial ribonuclease T1 digest of tRNA[3?P]Cp; Ak: alkaline hydrolysis of tRNA[32P]Cp; C: reaction
chemically treated as for the probing reaction, but containing an equimolar mixture of Fe(Il)-ASLs 4-33 and no ribosome;
Mock: reaction chemically treated as for the probing reaction, but in the absence of Fe(ll)-ASLs 4-33. Lanes designated
A-ASLs and P-ASLs are tRNA-ribosome complexes probed with Fe(ll)-ASLs of increasing stem length, as indicated.

Positions of strand scission are indicated by the bars.
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FIGURE 3. Sites of strand scission in (A) tRNAM® bound to the P site, and (B) tRNAYS bound to the A site. Circles and
squares represent strand scission of tRNAs by hydroxyl radicals generated from Fe(Il)-ASLs and 5'-Fe(ll)-tRNAP", respectively.

The numbering system is based on yeast tRNAP"e,

cleavages are located in the D stem-loop, whereas the
last set of cleavages is located in the anticodon stem-
loop region of tRNA (Fig. 3B).

5’-Fe(I)-tRNA probing

Additionally, we probed the arrangement of A- and P-site
tRNAs using Fe(ll)-EDTA attached to the 5’ end of
tRNAP"®, We constructed complexes with tRNA{Met
[32P]pCp bound to the P site and 5’-Fe (I1)-tRNAP"® bound
to the Asite. No strand scissions were observed in P site-
bound tRNAME[32P]pCp (Fig. 4). Alternatively, we
probed complexes with 5'-Fe(Il)-tRNAP"® bound to the
ribosomal P site and tRNAYS[3?P]pCp bound to the
ribosomal A site. Strong cleavages were detected at
positions 71-73, medium cleavages at position 70
(3'-acceptor stem) and weaker cleavages at posi-
tions 60—63 (T stem-loop) and 7476 (3'-acceptor stem)
(Fig. 3B). This result indicates that the 5’ end of P-site
tRNA is close to the 3’-acceptor stem of A-site tRNA.
Potential strand scission at positions 1-6 was ob-
scured by the poor resolution of this part of the gel

(Fig. 4).

Modeling the arrangement of A-site
and P-site tRNAs in the ribosome

We used the dependence of cleavage intensity as a
function of ASL stem-length, and the 5’-Fe(ll)-tRNA
probing data to compute the mutual arrangement of
A-site and P-site tRNAs. Figure 5A shows the full atomic
model built with 5’-Fe(Il)-ASL and 5’-Fe(I1)-tRNA prob-
ing data alone, and derived by fitting the tRNAP"® crys-
tal structure (Bernstein et al., 1977) to the computed
phosphate backbone model. The DGSOL program cre-

ated the phosphate backbone model that best satisfied
all experimental constraints and covalent chemical con-
straints. The resulting structure satisfies the experimen-
tal constraints with an average error of 1.07 standard
deviation (SD) (maximum error of 2.25 SD). Although
the FRET data were not used in constructing this model,
the FRET constraints are satisfied with an average er-
ror of 0.78 SD (maximum SD of 1.83). The angle be-
tween these two tRNA molecules is 45°. The 3'CCA
ends are 26.6 A apart.

The best model built with 5’-Fe(11)-ASL and 5’-Fe(I1)-
tRNA probing data, but also incorporating constraints
imposed by mMRNA-tRNA codon—anticodon interactions
was also produced by DGSOL (Fig. 5B) and was very
similar to the model of Figure 5A [within 0.1 A root
mean square deviation (RMSD)]. Once again, although
the FRET data were not used in constructing this model,
it satisfied the FRET data as well as the model com-
puted without constraining mMRNA-tRNA interactions.

The PROTEAN program built the phosphate back-
bone of the structure best satisfying the pooled exper-
imental data (all 5’-Fe(ll)-ASL and 5’-Fe(ll)-tRNA data,
as well as previously published FRET data) along with
constraints imposed by interactions with mRNA. The
resulting structure satisfies all distance constraints with
an average error of 1.20 SD (maximum 3.47 SD). The
angle between the two tRNA molecules is 44°; their
3’CCA ends are 23.5 A apart. Figure 5C shows the full
atomic version of this structure. The mRNA in this model
was built with MC-SYM 11, as described in the Materials
and Methods section. The anticodon loop bases are in
their crystallographic conformation. The phosphate at-
oms of this structure have an RMSD of 3.39 A to the
structure built with 5’-Fe(ll)-ASL and 5’-Fe(ll)-tRNA
probing data alone, and an RMSD of 0.1 A to a struc-
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FIGURE 4. Strand scission of tRNAs by hydroxyl radicals generated
from 5'-Fe(ll)-tRNA. tRNAMe! complexes with tRNAME32P]pCp
bound to the P site, and either tRNA”"® (GMP) or 5'-Fe(ll)-tRNAPhe
(GMPS-Fe) bound to the A site. tRNAYS, complexes with tRNAYS
[32P]pCp bound to the A site, and either tRNAP"® (GMP) or
5'-Fe(ll)-tRNAP" (GMPS-Fe) bound to the P site. Lanes U2, Phy M,
and T1 are enzymatic sequencing of tRNA[*2P]pCp using the re-
spective ribonucleases; Ak: alkaline hydrolysis of tRNA[*?P]pCp;
Mock: reaction chemically treated as for the probing reaction, but in
the absence of ribosome. Positions of strand scission are indicated
by the bars.

ture built with all data but no explicit MRNA (not shown).
The details of codon—anticodon interaction are shown
in Figure 6. The anticodons (positions 34—-36) are
stacked and interact with the corresponding codons
(positions 1-2 and 4-5) through Watson—Crick base
pairs and through G-U wobble pairs (positions 3 and
6). The mRNA backbone is kinked between the two
codons to facilitate codon—anticodon interaction, mainly
by accommodation of € and ¢ torsion angles (Table 1).

S. Joseph et al.

A CPK rendering of the full atomic model of the tRNAs
showing the sites of strand scission is presented in
Figure 7. Only one surface of each tRNA is attacked
by hydroxyl radicals and this surface must face the
other tRNA in the ribosome, unambiguously constrain-
ing the tRNAs in the S orientation. The 3’-CCA ends of
the two tRNAs are 23.5 A together in our model (Fig. 7C).
The sites of strand scission in A-site tRNA from Fe(ll)
tethered to the 5’-end of P-site tRNA map to the T stem
and acceptor stem of (Fig. 7, yellow).

We also built numerous models based only on the
FRET data and distance constraints on the 3'CCA ends
of the tRNAs and on the anticodon regions of the tRNAs
(data not shown). The models satisfied the FRET con-
straints with an average error of around 0.6 SD (about
1.0 SD maximum). Importantly, these models did not
satisfy the ASL and 5'P data very well, with (for the
best result) an average error of over 2.0 SD and a
maximum error of over 5.9 SD for those data points.
The angle between these two tRNA molecules ranged
from 18° to 75° and the 3'CCA ends distances ranged
from 22.49 to 23.42 A.

Figure 8 shows the actual distances in the full atomic
model for the ASL and 5P constraints that were as-
signed cleavage strengths of strong, medium, and weak.
For each category, the points denote the actual dis-
tance of each experimental constraint in the model.
The largest deviation from the previously estimated max-
imum target distances (Noller et al., 1990) was approx-
imately 5 A for some strong constraints. Here, strength
of hydroxyl-radical cleavage determines the maximum
distance between probe and target, because, for ex-
ample, a weak cleavage could result for a close dis-
tance in which the target is obstructed, or where the
reactive face of the ribose faces away from the probe
(Balasubramanian et al., 1998).

DISCUSSION

Establishing the mutual orientation of the A-site and
P-site tRNAs on the ribosome has been a topic of spir-
ited discussion for more than 30 years. Even before the
X-ray crystal structure of tRNA was solved, models
were proposed for the arrangement of tRNAs on the
ribosome. Fuller and Hodgson (1967) modeled codon—
anticodon interaction and proposed that nt 34-38 in
the anticodon loop of tRNA are 3’-stacked in the stan-
dard A-RNA conformation. Additionally, the mRNA in
their model was kinked between the two codons to
allow simultaneous recognition of adjacent codons by
two tRNA anticodons. After the X-ray structure of tRNA
was solved, Rich (1974) proposed a model in which the
T loop of A-site tRNA faces the D loop of P-site tRNA at
an angle of 90° between the tRNA planes. An alternate
arrangement was proposed by Sundaralingam et al.
(1975) in which the D loop of A-site tRNA faces the T
loop of P-site tRNA, with a 60° angle between the planes
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FIGURE 5. Models for the arrangement of tRNAs. Models for the arrangement of A-site and P-site tRNAs based on
(A) 5'-Fe(Il)-ASL and 5’-Fe(ll)-tRNA probing data only, (B) 5'-Fe(Il)-ASL, 5’-Fe(ll)-tRNA probing data and mRNA con-
straints, and (C) 5'-Fe(ll)-ASL, 5’-Fe(ll)-tRNA probing data, mRNA constraints, and FRET data. The tRNA pairs are shown
with the P-site tRNA (magenta) on the left, the A-site tRNA (cyan) on the right, and the mRNA (yellow) at the bottom. The
anticodon stem-loops of the tRNAs are at the bottom and their acceptor ends are at the top facing away from the reader.

The orientation of A-site tRNA is similar in A, B, and C.

of the two tRNAs. These two mutually exclusive ar-
rangements have been designated as the R and S
orientations, respectively (Lim et al., 1992).
Fluorescence resonance energy transfer experiments
provided important constraints for modeling the mutual
arrangement of tRNAs (Fairclough & Cantor, 1979b;
Wells & Cantor, 1980; Johnson et al., 1982; Paulsen
et al., 1983). Paulsen et al. (1983) proposed a model

with a 60 = 30° angle between the A- and P-site tRNAS,
but were unable to distinguish between the R and S
orientations using FRET constraints. Although the FRET
data by themselves were insufficient to decide this is-
sue, they served the useful purpose of eliminating mod-
els that were inconsistent with the measured distances.

Based on a stereochemical analysis of the peptidyl
transferase reaction, Spirin and Lim (1986) proposed

FIGURE 6. Stereo pairs showing codon—anticodon interaction in model C. A: The tRNA anticodon nucleotides are in front
and the mRNA is behind. B: 180° rotation of A. The color coding is the same as in Figure 5.
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TABLE 1. Torsion angles of mRNA nucleotides in model C.

mRNA Torsion angles

residue

number a B b% ) € {

1 None 17896 27.10 9547 -—177.2 —87.38
2 —50.14 —165.9 67.17 7350 —147.8 —67.21
3 —44.84 161.10 74.24 96.32 —68.56 78.85
4 —65.82 17949 58.78 78.26 —141.3 —79.45
5 —63.37 179.90 54.19 86.99 —109.9 —100.0
6 —62.28 146.28 67.94 99.55 None None

an R orientation with a 100° angle between the two
tRNAs. Ofengand et al. (1986), based on tRNA cross-
links to 30S subunit protein S19 and other biochemical
data, proposed a model with the tRNAs in the S orien-
tation with an angle of 65° between the tRNA planes. A
detailed stereochemical model using the crystal struc-
ture of tRNA and incorporating the FRET data was
proposed by McDonald and Rein (1987), who main-
tained the tRNA crystal structures as rigid bodies and
manipulated the conformation of the mRNA. Their model
has an S orientation with an approximately 45° angle
between the tRNA planes and a 33° kink between the
two mRNA codons. Models with mRNA fixed in an ide-
alized A-form geometry, deforming the anticodon loops
of the tRNAs from the crystal structure (Prabahakaran
& Harvey, 1989), or where both the mRNA codons and
tRNAanticodonloops have altered conformations (Easter-
wood et al., 1994) were also proposed; the tRNAs in
these models are in the S orientation with an angle of
approximately 45°. While the S orientation is preferred
in some of the models based on crosslinking and chem-
ical protection studies (Stern et al., 1988; Wower et al.,

S. Joseph et al.

1989, 1993; Noller et al., 1990; Nagano et al., 1991,
Nagano & Nagano, 1997), Lim and coworkers invoked
extensive tRNA, mRNA, and rRNA crosslinking data to
derive a model with R orientation (Lim et al., 1992;
Spirin et al., 1993). Based on more recent data, Brima-
combe and coworkers favor the S orientation with a 50°
angle between the tRNA planes (Brimacombe, 1995;
Mueller et al., 1997). Interestingly, results from in vivo
genetic analysis provide evidence that the 5’ side of
the P-site anticodon stem-loop is in proximity to the 3’
side of the A-site anticodon stem-loop (Smith & Yarus,
1989), leading these authors to model the tRNAs in the
S orientation (not the R orientation as reported in their
paper) with an angle of 50°.

Cryoelectron microscopy and three-dimensional im-
age reconstruction of vacant ribosomes was used as
an envelope to constrain the arrangement of tRNAs in
the R orientation with a 60° angle between the A- and
P-site tRNAs (Stark et al., 1997a). Recently, cryoelec-
tron microscopy was used to directly visualize the ar-
rangement of tRNAs in the ribosome. In one study
(Malhotra et al., 1998), three tRNAs bound to poly (U)-
programmed 70S ribosomes were visualized at 25 A
resolution. The angle between the A-site and P-site
tRNAs was 160° and the orientation of the tRNAs was
intermediate between the R and S orientations. In con-
trast, another cryoelectron microscopy study (Spirin,
1983) compared pre- and posttranslocational states of
the ribosome and found the angle between the tRNAs
to be 50° and in the S orientation. Nierhaus et al. (1998)
used a proton-spin contrast variation technique to com-
pare the pre- and posttranslocational states and con-
cluded that the angle between the A- and P-site tRNAs
is 110 + 10°. They were unable to distinguish between
the R and S orientations. Most recently, the crystal

FIGURE 7. Sites of hydroxyl radical-mediated strand scissions mapped on model C. A: CPK rendering of model C showing
P tRNA (magenta) on the left, A tRNA (cyan) on the right, and mRNA at the bottom (yellow). The sites of strand scissions
from Fe(ll) tethered to 5’ ends of ASLs are indicated on P and A tRNAs in green and red, respectively. The sites of strand
scissions from Fe(ll) tethered to 5’ end of P tRNA are indicated in gold on AtRNA. The 3’-CCA ends are pointing away from
the reader in this view. B: 180° rotation of A. C: A view from the top with the model oriented as in A. Only one surface of
the tRNA pair is cleaved by hydroxyl radicals indicating that these sides face each other in the ribosome.
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FIGURE 8. A plot of strength of hydroxyl radical strand scission ver-
sus actual distance between the probing position and sites of strand
scission in model A. For each strength category (strong, medium,
weak), the points denote the actual distance within the computed
model A corresponding to the experimental constraint.

structure of the 70S ribosome (Cate et al., 1999) seems
to show the A- and P-site tRNAs to be almost parallel
to each other in the S configuration.

Our results show that the 5’-Fe(I1)-ASL and 5'-Fe(ll)-
tRNA probing data alone are sufficient to build a reli-
able model for the arrangement of the tRNAs in the
ribosome (Fig. 5A). In fact, even though the FRET data
were not used as constraints for this model, they are
nevertheless well satisfied by it (Table 2). Incorporation
of the FRET data results in very little change in the
structure. However, we were unable to build a structure
using the FRET data alone that satisfied the 5'-Fe(ll)-
ASL and 5'-Fe(ll)-tRNA probing data, indicating that
the latter have a higher information content.

It is important to note that in our first computation
(Fig. 5A), the anticodons are brought together in space,
as are the 3'-CCA ends without any explicit constraints
on either position—only the probing data were used in
these computations. The terminal 3' phosphates are
23.5 A apart, when we model the 3’ terminal phos-
phate chain (bases 73—76) as they appear in the tRNA
crystal structures. It is likely that for the two 3" ends to
bring together the growing polypeptide and the next
amino acid, in preparation for the peptide bond forma-
tion step, the detailed structures of these two termini
have to change. The conformational freedom of the

TABLE 2. Comparison of our models with FRET distance measure-
ments (Johnson et al., 1982; Paulsen et al., 1983).

A-site P-site Distances in Angstroms

tRNA tRNA

residue residue FRET Model A Model B Model C
37 37 24 £ 4 23.99 24.06 23.32
37 16, 17 46 + 12 54.96 54.94 54.13
16, 17 37 38 + 10 39.83 39.86 39.66
16 16, 17 359 34.17 34.17 33.47
8 8 26 £ 4 29.66 29.66 30.36
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RNA chains from bases 73 to 76 is substantial, and
capable of bringing the two amino acids into the correct
approximation within the context of our modeled rela-
tive tRNA locations. The introduction of constraints to
ensure interaction of both anticodons with a single
MRNA molecule and to ensure that the 3'-CCA ends
are close to one another does not significantly change
the relative positions of the two tRNA molecules. These
observations provide strong evidence that the probing
constraints provide abundant and biologically relevant
information.

Our models appear to be in agreement visually with
the cryoelectron microscopy model of van Heel and
coworkers (Stark et al., 1997a) although their data are
completely independent of the approach used here.
Also, our model A has an RMSD to the A- and P-site
tRNAs in the 70S crystal structure (Cate et al., 1999) of
5.8 A. The angles between the A- and P-site tRNAs in
our models fall consistently between 43 and 53° (Fig. 5).
Our models are most compatible with the model pro-
posed by Easterwood and coworkers (1994), which is
in the S configuration. Models in the R configuration do
not satisfy the constraints as well as those in the S.
Table 3 summarizes the average and maximum con-
straint errors for two of our models (A and C), the Easter-
wood model, and the Lim/Mueller model (Lim et al.,
1992; Mueller et al., 1997), as well as the RMSD of all
these models from our model A. Our full atomic model
of the crystal structure of A-site and P-site tRNA docked
to mRNA s one possible structure compatible with these
data (Fig. 5C). This structure was built with the crys-
tallographically determined positions of the anticodon
loops, and without modifying the tRNA structures at all.
No energy minimization was used. We were able to
build mRNA models in other cases by allowing small
deviations in the tRNA structures, with RMS deviations
from the crystal structure ranging from 1 to 3 A (Fig. 5B).
In these models, the anticodon side chains remained
stacked, but deviated from their crystallographic posi-
tions. It is likely that the anticodon bases actually do
move slightly upon binding mRNA, and so the model
we show in Figure 5C may be somewhat overcon-
strained. It thus represents a proof of concept for these
tRNA orientations. Some of the intermolecular contacts
in the tRNA crystal structures also suggest ways in
which the codon-to-anticodon interactions can affect
the conformation of the anticodon loop. For example,
the anticodon—anticodon interaction between tRNA mol-
ecules within the crystallographic asymmetric unit in
the crystal structure of tRNA*P shows one way in which
codon-anticodon pairing might be accommodated while
retaining the 3’ stacking geometry of the anticodon
loop (Westhof et al., 1988).

In our model building, we have classified the dis-
tances implied by our experiments into the three cat-
egories of strong, medium, and weak. Figure 8 shows
that the structures we have built are not very sensitive
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TABLE 3. Comparison of our models with Easterwood et al. (1994) and Lim/Mueller (1992, 1997) models.

Constraints

5’-Fe(Il)-tRNA data 5'-Fe(ll)-ASL data FRET data
RMSD to
Models Avg. SD Max. SD Avg. SD Max. SD Avg. SD Max. SD Model A
Model A 1.50 2.03 1.02 2.25 0.78 1.83 0.00
Model C 1.97 3.21 1.13 3.47 0.91 2.18 3.18
Easterwood et al. 1.20 3.21 1.68 5.24 1.17 2.54 8.61
Mueller/Lim et al. 1.73 3.24 2.73 3.66 1.61 4.13 24.25

to this classification. For example, the medium range
encloses most of the weak and strong range, so as-
signing a constraint as medium instead of weak or me-
dium instead of strong does not lead to unsatisfied
distance constraints. Only the case of overestimating
the strength of cleavage would lead to a possible con-
flict in the satisfaction of a distance constraint. The
substantial overlap of the distance ranges associated
with each intensity category is, of course, expected,
because hydroxyl-radical attack of a nearby target can
be attenuated by an intervening object; however, we
expect the upper boundaries to be sharper (e.g., a strong
cleavage cannot occur at a remote target).

The FRET data, when used alone, posed problems
for both of the algorithms we used. Both programs pro-
duced numerous diverse solutions that seemed to be
the result of local minima problems. The errors of these
structures were higher than the best resulting models,
but the frequency with which these higher error solu-
tions were generated was much greater than for those
which satisfied the FRET data well. It could be that this
data set is more problematic because it consists of
multiple distances between only six points, and is there-
fore highly degenerate.

In our models, we assume that tRNAs maintain
their crystallographically determined conformation when
bound to the ribosome. It is possible that tRNAs un-
dergo significant conformational change when bound
to the ribosome as suggested by the crystal structures
of tRNA-synthetase complexes (Rould et al., 1989; Ruff
etal., 1991) and by low-resolution cryoelectron micros-
copy difference maps of tRNA-ribosome complexes
(Malhotra et al., 1998).

To understand the molecular mechanism of transla-
tion, it is essential to elucidate the mutual arrangement
of tRNAs on the ribosome. So far, at least a half-dozen
different binding states of tRNA have been described
(Green & Noller, 1997). In these studies, the tRNAs are
bound in the A/A and P/P states, corresponding to the
classical A and P sites. They are in the S orientation
with the P tRNA on the left and A tRNA on the right as
viewed from the 30S toward the 50S subunit (Fig. 7A).
The anticodon stem-loops are at the bottom, interact-
ing mainly with the 30S subunit and mMRNA,; the 3'-CCA

ends are at the top, interacting with the 50S subunit.
Although the 3’ termini of the two tRNAs are insuffi-
ciently close to allow peptide bond formation, flexibility
of their single-stranded 3’-ACCA termini could allow a
closer approach. Placement of A-site tRNA on the right
is consistent with the interaction of the EF-Tu ternary
complex near the L7/L12 stalk at the right of the 50S
subunit (Girshovich et al., 1986; Stark et al., 1997b).
Also, in the crystal structure of the EF-Tu:GDPNP:tRNA
ternary complex, the T-loop side of the A-site tRNA is
in contact with EF-Tu (Nissen et al., 1995). Therefore,
this side cannot face P tRNA, consistent with the S
orientation.

An important ribosomal function is translocation, the
coordinated movement of the tRNA—mRNA complex
within the ribosome following peptide bond formation
(Kaziro, 1978; Spirin, 1985; Czworkowski & Moore,
1996; Wilson & Noller, 1998). During translocation,
tRNAs move from right to left from A site to P site as
shown in Figure 7A. Our model predicts that transloca-
tion of A-site tRNA into the P site could be accomplished
by a rotational movement of about 45° around an axis
drawn from the 3’-CCA end through the anticodon stem-
loop of the A-site tRNA, coupled with a translational
movement of about 24.5 A from right to left.

Interestingly, we do not detect any cleavages in the
anticodon stem-loop region of P tRNA, consistent with
the previous observation that the anticodon stem-loop
of P tRNA is protected from hydroxyl radicals by the
30S subunit (Huttenhofer & Noller, 1994), most likely
by features of 16S rRNA that line the cleft of the 30S
subunit. Nor do we detect any cleavages in the 3'-CCA
end of P tRNA from Fe(ll) tethered to the 5’ terminus of
A tRNA. The 3’ end of P tRNA may be shielded from
hydroxyl radicals by its interactions with the 2250 loop
(Samaha et al., 1995) and other features of 23S rRNA.

These studies have focused on two particular sets of
tRNA binding complexes. There are currently believed
to be as many as eight (or possibly more) identifiable
binding states for tRNA (Wilson & Noller, 1998), of which
our complexes likely represent a single state. The ge-
ometry of tRNA within the ribosome is likely to deviate
dramatically from the one presented here in some of
these other states.
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MATERIALS AND METHODS

In vitro transcription of gene 32
mRNA and ASLs

Gene 32 mRNA fragment was transcribed in vitro from a
PCR-generated DNA template using T7 RNA polymerase and
gel purified, all as described (Huttenhofer & Noller, 1992).
Anticodon stem-loop analogs of tRNA were also transcribed
in vitro using T7 RNA polymerase. During transcription, a
phosphorothioate was introduced at the 5’ end of the ASLs
by transcribing in the presence of a fivefold molar excess of
5’-guanosine—phosphorothioate over each NTP, essentially
as described (Joseph et al., 1997; Joseph & Noller, 1996).
The 5’-GMPS-ASLs were derivatized with Fe(ll)BABE (De-
Riemer et al., 1981; Rana & Meares, 1990) and purified (Jo-
seph et al., 1997). Similarly, tRNAP"® was transcribed from
plasmid p67CF10 (Sampson et al., 1989) and derivatized
with Fe(Il)BABE as described (Joseph & Noller, 1996). De-
acylated, native Escherichia coli tRNAMet and tRNAYS were
labeled at their 3’ termini by ligating [32P]pCp using T4 RNA
ligase (England et al., 1980) and gel purified as described
(Huttenhofer & Noller, 1992).

Binding of tRNA and ASLs to 70S ribosomes

For probing the arrangement of P-site tRNA, complexes con-
taining deacylated tRNA;®[32P]Cp bound to the ribosomal P
site and either Fe(l)BABE-ASLs or Fe(ll)BABE-tRNAPhe
bound to the A site were formed by using ribosomes pro-
grammed with gene 32 mRNA. Briefly, 10 pmol (1.0 uM) tight
couple 70S ribosomes were activated by incubating for 10 min
at 42°C and 10 min at 37°C in binding buffer (80 mM
K-cacodylate, pH 7.2, 20 mM Mg(OAc),, 150 mM NH,4CI)
followed by addition of 30 pmol (3.0 ©M) gene 32 mRNA and
incubating for 6 min at 37 °C. Next, 10° cpom ~ 1 pmol (0.1 uM)
E. coli tRNAMe[32P]pCp were added and the complex was
incubated for 30 min at 37 °C, followed by addition of 10 pmol
(1.0 uM) unlabeled E. colitRNAMet and incubating for 15 min
at 37 °C to fill the remaining ribosomal P sites. The A site was
next filled by adding 10 pmol (1.0 uM) Fe(ll)BABE-ASLs or
Fe(ll)BABE-tRNAPM® to the above complex and incubating
for 30 min at 37 °C, followed by 30 min on ice.

For probing the arrangement of A-site tRNA, complexes
containing either Fe(I)BABE-ASLs or Fe(Il)BABE-tRNAP"®
bound to the P site and deacylated tRNAYS[3?P]pCp bound
to the A site were formed by using ribosomes programmed
with gene 32 mRNA as described above. Briefly, 10 pmol
(1.0 uM) tight couple 70S ribosomes were activated by incu-
bating for 10 min at 42°C and 10 min at 37°C in binding
buffer, followed by addition of 30 pmol (3.0 uM) gene 32
MRNA and incubating for 6 min at 37°C. Next, 10 pmol
(1.0 uM) of either Fe(Il)BABE-ASLs or Fe(ll)BABE-tRNAP"®
were added and the complexes were incubated for 30 min at
37°C to fill the P site; this was followed by addition of 10°
cpm ~ 1 pmol (0.1 uM) E. coli tRNAYS[32P]pCp and further
incubation at 37 °C for 30 min. Finally, the remaining unfilled
A sites were filled by adding 10 pmol (1.0 uM) of E. coli
tRNAYS and incubating for 5 min at 37 °C followed by 30 min
on ice. Binding was performed in buffer containing 20 mM
Mg?2" to favor efficient ASL binding to the ribosome. Addition-
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ally, at 20 Mg?*, deacylated tRNAs bind to the ribosome in
the classical A/A and P/P states (Moazed & Noller, 1989).

Directed hydroxyl radical probing

Directed hydroxyl radical probing using Fe(Il)BABE-derivatized
ASLs or tRNAP"® was performed essentially as described
(Joseph & Noller, 1996; Joseph et al., 1997). Briefly, hydroxyl
radical strand scission was initiated by the addition of ascor-
bate (5 mM final concentration) and hydrogen peroxide (0.05%
final concentration) to 10 uL of the reaction mixture (see
above) followed by incubation for 10 min at room tempera-
ture. Reactions were stopped by addition of 300 uL of cold
ethanol and 3 M Na acetate (0.3 M final concentration) and
quick freezing in a dry ice—ethanol bath. Samples were ex-
tracted three times with phenol and three times with chloro-
form to remove ribosomal proteins, and the tRNA [3?P]pCp
recovered by ethanol precipitation and resuspended in 10 uL
of loading buffer (95% formamide, 20 mM EDTA, 0.05% xy-
lene cyanol, 0.05% bromophenol blue). Alkaline hydrolysis
and enzymatic sequencing of tRNAMe[32P]pCp and tRNAWYS
[32P]pCp were performed using ribonucleases T1 (G spe-
cific), Phy M (A, U specific), and U2 (A, G specific) as per the
manufacturer’s (Pharmacia) recommended protocol. Reac-
tions were analyzed on 10% denaturing polyacrylamide gels
and were quantified using a Molecular Dynamics Phosphor-
Imager. Gels were scanned and ImageQuant software was
used to measure counts within a rectangle (volume integra-
tion) enclosing a band corresponding to a site of strand scis-
sion in the tRNA. Additionally, bands located at similar positions
on the gel in the mock reaction were quantified and used for
comparing cleavage intensity at different positions in the gel.
The values were manually classified as “strong” if the counts
were =2.5X mock value, “medium” if the counts were <2.5X
but >1.5X mock value, and “weak” if the counts were <1.5X
but >1.25X mock value. These strength categories were then
translated into distance constraints to use the experimental
data with numerical model building programs. Strong inter-
actions were assigned a range of 0-22 A, medium inter-
actions were given a range of 12—36 A, and weak interactions
were given a range of 20—44 A. These distances were based
on calibration experiments described (Joseph et al., 1997).

Modeling the arrangement of tRNAs

For model building, the crystal structure of tRNAP"® (Kim
et al., 1973) (including the positions of the base side chains
in the anticodon loop) was used as a rigid body. In addition,
models of the interaction between the P-site and A-site tRNA
were built on the assumption that the interactions with mRNA
occur at the same time. Models were built with two distance-
based algorithms: PROTEAN (Altman, 1995) and DGSOL
(More & Wu, 1997) to maximize the probability of sampling all
important conformations. PROTEAN is a probabilistic least-
squares algorithm (Chen et al., 1998) that computes distance
constraints with a mean value and a variance (uncertainty).
The starting backbone structure used by PROTEAN was gen-
erated by a random walk, with each step equal to the average
distance between consecutive phosphates in an RNA mol-
ecule. DGSOL is a distance geometry program (More & Wu,
1997), that uses distance ranges (minimum and maximum)
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as input data. DGSOL also starts with random atomic coor-
dinates as part of its computation.

Three types of distance data were supplied to these pro-
grams, in different combinations as detailed below. First, the
data from directed hydroxyl probing were used, with distance
ranges between associated phosphates for strong, medium,
and weak categories of 0-22, 12—36, and 20—44 A, respec-
tively. For PROTEAN, the means of these ranges were taken,
with a variance (designed to have the ranges fall within =2
SD) of (maximum — minimum)?/16. In addition, the mean
distance for the strong category was increased from 11 to
15 A to minimize van der Waals overlap violations. Second,
the distance constraints derived from published FRET data
were used (Johnson et al., 1982; Paulsen et al., 1983). Fi-
nally, the crystal structure of yeast tRNAP"® was used to cre-
ate a list of distances between phosphate atoms in the tRNA
structure, to ensure that the crystal structure of each tRNA
was reproduced in the calculations. The variance for these
crystallographic distances was taken to be 0.01 A2,

Four structural computations were performed using the
modeling programs and different combinations of constraints:

1. Hydroxyl probing data only. Phosphate backbone struc-
tures of the interacting A-site and P-site tRNAs were built
with the 5'Fe(ll)-ASL and 5'-Fe(I)-tRNA probing data as
input. No other information was provided to the program
about the relative positions of the two tRNA molecules.

2. Hydroxyl probing data with mRNA. Phosphate backbone
structures were built with the 5'Fe(ll)-ASL and 5'-Fe(ll)-
tRNA probing data, but now including a reduced-atom
representation of the six mMRNA bases constrained with
distances to the anticodon loops of the tRNAs. The mRNA
bases (and the three associated anticodon loop bases)
were represented by a phosphate atom and two atoms
from the base side chain (O4 and N3 for mRNA uracils
Watson—Crick base paired to adenine, O2 and N3 for
MRNA uracil bases wobble base paired to guanine; N6
and N1 for tRNA adenine, N1 and N3 for tRNA guanine).
Distance constraints compatible with Watson—Crick and
Wobble base pairing were used to constrain the relative
locations of mMRNA and anticodon loops.

3. Hydroxyl probing and FRET data with mRNA. Phosphate
backbone structures were built using 5'Fe(ll)-ASL and
5’-Fe(Il)-tRNA probing data, as well as the published FRET
data. Constraints to the reduced-atom mRNA representa-
tion were used as described in 2.

4. FRET data and inferred distances. Finally, phosphate back-
bone structures were built using the FRET data alone,
along with distance constraints between the 3'-ACCA final
phosphates (21 + 4 A), as well as constraints between
base 35 of the respective anticodons (28 = 4 A) added.

For all models created, the chiralities of the resulting tRNA
structures were checked and models with incorrect handed-
ness were discarded. Model errors were calculated as: ((ac-
tual distance in model — target mean distance)/constraint
standard deviation). This error represents a residual normal-
ized by the estimated precision of individual measurements.
Full-atomic models were created by fitting the phosphate back-
bones to the tRNA crystal structures. tRNA angle measure-
ments were computed between the two planes defined by
bases 23, 61, and 72 within the two tRNA molecules.
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MC-SYM Il was used for modeling the detailed conforma-
tion of MRNA (Major et al., 1991). A six-base mRNA strand
with sequence UUUUUU was created. Anticodon loop posi-
tions for A-site and P-site tRNA were fixed at the positions
determined by fitting the crystal structure to the computed
phosphate backbone. An MC-SYM |l script constrained each
base in the mRNA to adopt a backbone conformation com-
patible with known allowed RNA torsion angles. The script
also constrained the interaction of the mRNA with the two
anticodon loops: Watson—Crick base pairing interactions were
specified for codon positions one and two, and wobble base
interactions were specified for the third codon position. The
resulting full atomic mMRNA model satisfied all these constraints.
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